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High-frequency monitoring shows the importance of riparian shading in controlling benthic 
algal growth and stream metabolism in a small river. 
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Riparian shading controls instream spring 
phytoplankton and benthic algal growth  
S.J. Hallidaya, R.A. Skeffingtona, A.J. Wadea, M.J. Bowesb, D.S. Readb, H.P. 
Jarvieb, M. Loewenthalc  
Dissolved oxygen (DO) concentrations showed a striking pattern in a multi-year study of the 
River Enborne, a small river in SE England. In each of three years (2010-2012), maximum DO 
concentrations were attained in mid-April, preceded by a period of steadily increasing diurnal 
amplitudes, followed by a steady reduction in both amplitude and concentration. Flow events 
during the reduction period reduce DO to low concentrations until the following spring. 
Evidence is presented that this pattern is mainly due benthic algal growth which is eventually 
supressed by the growth of the riparian tree canopy. Nitrate and silicate concentrations are too 
high to inhibit the growth of either benthic algae or phytoplankton, but phosphate 
concentrations might have started to reduce growth if the tree canopy development had been 
delayed. This interpretation is supported by evidence from weekly flow cytometry 
measurements and analysis of the diurnal, seasonal and annual patterns of nutrient 
concentrations. As the tree canopy develops, the river switches from an autotrophic to a 
heterotrophic state. The results support the use of riparian shading to help control algal growth, 
and highlight the risks of reducing riparian shade. 
 
Environmental Impact 
This paper provides insight into the processes controlling algal growth in streams. Excess 
growth of algae in rivers is a world-wide problem, and clearly manifests itself in some of the 
rivers in SE England, which have high nutrient inputs due to dense human populations and 
intensive agriculture. This study of the River Enborne uses high-frequency chemical 
monitoring data and innovative flow cytometry methods to evaluate the processes 
controlling algal growth and to demonstrate the importance of riparian shading in this 
system. Riparian shading should be considered as an effective, and cost-effective, 
management tool. 
 
 
1. Introduction  
It is generally accepted that nuisance algae and a shift in plant 
community composition  can be a consequence of nutrient 
enrichment (eutrophication) by nitrogen (N) and phosphorus 
(P) compounds, which is in turn due to increasing human 
effluent inputs and runoff from intensive agriculture (e.g. 1, 2). 
Attempts to manage these problems have therefore 
concentrated on reducing nutrient inputs, especially P, since P 
is assumed to be the primary limiting nutrient (e.g. 1, 3, 4). Large 
expenditures have been incurred in reducing nutrient inputs 
from both point and diffuse sources, but results, especially for 
running waters, have been mixed at best (e.g. 4, 5). A number of 
papers have suggested recently that promoting riparian shading 
would be a more effective, and certainly more cost-effective, 
management tool for the control of nuisance algae in rivers6-8. 
Riparian shading is expected to work by reducing 
photosynthetic rates and water temperatures, and though 
modelling studies tend to show this would be highly effective in 
reducing algal growth especially under scenarios of increased 
water temperature resulting from climate change6, 8, 
observational evidence of its effectiveness is more limited. This 
paper explores the controls on algal growth in a small river in 
SE England, the River Enborne, where riparian shading, by 
deciduous trees, is heavy but seasonal. Using high-frequency 
hydrochemical data coupled with weekly grab sampling of a 
wider range of chemicals and the river’s phytoplankton 
community, we can test the hypothesis that riparian shading 
controls algal growth for at least part of the year. 
 
Burrell et al.9 discuss in depth the effects of riparian shading on 
stream ecosystems in agricultural landscapes, which include 
enhancing litter inputs and reducing excess nutrients and 
sediment as well as reducing water temperatures and 
photosynthetic rates. In their study of 21 streams in New 
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Zealand9, shading reduced both gross primary productivity 
(GPP) and ecosystem respiration, but had a stronger effect on 
GPP. In their case, however, macrophytes rather than algae 
were the main driver of stream GPP. Shading also affects 
periphyton growth and productivity – for instance Bowes et al.7 
showed in an experimental study on the River Thames that 
shading could reduce the periphyton accrual rate by 50%. It is 
not however self-evident that shading will always reduce 
primary productivity even in temperate zone streams. Nutrients 
may be limiting factors, or interact with light intensity; 
photosynthetic organisms may adapt to lower light intensities; 
these effects may vary seasonally. Hill et al.10 showed in an 
experimental study that stream periphyton from shaded sites 
were twice as efficient at photosynthesis in low light intensities 
than those from open sites (though not enough to compensate 
for the lower irradiance in this case). Interactive effects of light 
and nutrients on algae depend on nutrient concentrations and 
how close they are to limiting values (e.g. 7, 11, 12). For 
phytoplankton, Reynolds13 suggested that growth-limiting 
concentrations are normally much lower than those found in 
streams in agricultural areas and densely-populated countries 
like the UK: c. 4 µg P l-1 and c. 15-30 µg N l-1. For periphyton 
where the nutrients have to diffuse through biofilms, the 
suggested limiting concentrations are higher: from 25 µg P l-1 to 
80 µg P l-1 7, 11, hence nutrient limitation or co-limitation may 
be a possibility. Limiting factors may vary seasonally: for 
instance Rosemond et al.14 showed for a stream in Tennessee, 
USA, that light, nutrients and grazing snails co-limited 
periphyton biomass through most of the year, but their relative 
importance varied seasonally. For instance, nutrients were more 
limiting in summer when light intensities were higher. Algal 
growth is thus determined by a complex set of interacting 
factors which vary in space and time.    
 
Increasing riparian vegetation is unlikely to be a universal 
panacea for improving water quality. Dense riparian vegetation 
has been shown to reduce salmonid populations, for instance in 
Ireland15, 16, acting through a reduction in primary production. 
Along some reaches of the River Kennet, which is adjacent to 
the River Enborne, riparian tree canopies have been removed to 
allow light to reach the river banks and bed, with the assertion 
that the river was over-shaded and would benefit from more 
macrophyte growth17. Such conflicting views on stream 
management highlight the need for more data to evaluate the 
effects of riparian shading on stream ecosystems. This paper 
uses existing monitoring data to test the hypothesis that riparian 
shading controls phytoplankton growth and river metabolism 
on the River Enborne. 
 
2. Study Area  
The River Enborne drains a 148 km2 rural catchment situated in 
southeast England (Fig. 1). The catchment has been described 
extensively in previous publications18, 19, consequently only a 
brief overview of the system is provided here. The river is 
located in the Thames basin and is a tributary of the River 
Kennet (Fig. 1). The catchment monitoring point for this study 
was located at the flow gauging station at Brimpton, 2km 
upstream of the confluence with the Kennet (SU567647). 
Although the catchment geology is dominated by Cretaceous 
chalk in the headwaters, Tertiary clays dominate in the lower 
reaches, and thus the river’s baseflow index, 0.53, is lower than 
for other rivers in this area. The dominant catchment land use is 
agricultural, with 39% of the catchment designated as “Arable 
and Horticulture” land20.  
 
Despite the rural nature of the catchment, the population is c. 
18,260 people, and there are six sewage treatment works 
discharging to the river network: Washwater (Population 
Equivalent (PE) - 7000); Kingsclere (PE 2500); Greenham 
Common (PE 1700); Ashford Hill (PE 100); Wolverton 
Townsend (PE 50); and Bishop’s Green (PE 10). In addition, 
there is a high density of registered septic tank systems (STS) 
throughout the catchment (163), with the estimated number of 
unregistered systems approximately 260018. It has been 
previously shown that despite the agricultural nature of the 
catchment, these effluent discharges exert significant control on 
the hydrochemical dynamics of the river18.  
 
3. Methods 
3.1 Data 
3.1.1 Hydrochemical data 
The high frequency hydrochemical data used in this paper were 
collected as part of the LIMPIDS Project21. The monitoring 
methodology and data validation procedures employed are 
outlined in Wade et al.21. In situ hydrochemical monitoring 
took place at Brimpton between 1 November 2009 and 29 
February 2012, with hourly measurement of: nitrate (NO3 - 
Hach-Lange Nitratax Plus probe); total reactive phosphorus 
(TRP - Systea Micromac C); conductivity, chlorophyll, 
dissolved oxygen, pH, water temperature and turbidity (YSI 
6600 multi-parameter sonde). Over the course of the 
monitoring programme, weekly grab samples of the river water 
were collected and analysed at the CEH laboratories in 
Wallingford for a wide range of chemical determinands, 
including silicon (Si)22. These weekly samples were used to 
groundtruth the high-frequency data. The results will focus on 
the spring period of 2011, when both high frequency 
hydrochemical data and weekly flow cytometry data are 
available. Evidence from 2010 and 2012 will be used to support 
the conclusions drawn. 
 
3.1.2 Flow cytometry data 
The Enborne was part of a network of flow cytometry 
measurements (FCMs) aimed at exploring the sources of 
phytoplankton in tributaries of the River Thames. Weekly 
FCMs of suspended algae (phytoplankton) were made at 
Brimpton between 28 February 2011 and 13 August 2012. 
FCMs were made in accordance with the methodology of Read 
et al.23. In summary, a 20 ml subsample was taken from bulk 
water samples, collected from the main flow of the river, and 
immediately stored in the dark at 4 oC. FCM analysis was 
carried out within 24 h of sampling. Samples were vigorously 
vortex-mixed immediately prior to FCM analysis, thus 
sediment-bound phytoplankton are included in the algal cell 
abundances. The FCM analysis provides information on the 
abundance, composition and estimates of biovolume of the 
river’s phytoplankton community. The FCM analysis did not 
specifically analyse the benthic community. However, because 
the River Enborne is relatively short in both length and 
residence time, the phytoplankton community will be closely 
related to the benthic algal community, as this will be the 
primary source of suspended algae due to flow-related 
sloughing and low flow biofilm self-detachment24, 25. 
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3.1.3 Supplementary data 
The Environment Agency (England) supplied 15-minute flow 
data for the Brimpton gauging station (39025), located directly 
adjacent to the water quality monitoring point (SU567647). 
Global solar irradiation data were recorded at Odiham weather 
station (SRC ID – 862), located 23 km southeast of the Enborne 
water site at Odiham airfield (SU737494)26. Information on the 
distribution of land cover in the catchment was obtained from 
Land Cover Mapping 2007 (LCM200720). Budburst and first 
leaf data for the European alder tree, Alnus glutinosa, were 
collected as part of the UK Phenology Network (UKPN) and 
provided for use in this work by The Woodland Trust27.  
 
3.2 Data analysis 
3.2.1 Trend analysis 
The CAPTAIN Toolbox for non-stationary time-series analysis, 
developed at Lancaster University28, was used to investigate 
changes in short-term trends observed in  the high-frequency 
hydrochemical time-series. Dynamic Harmonic Regression 
(DHR), a special case of the Unobserved Component model 
(Eq.1), was used. The methods are described in detail by Taylor 
et al 29 and have been used previously with high-frequency 
hydrological and hydrochemical time-series 30-33. 
 
𝑦𝑡 = 𝑇𝑡 + 𝑒𝑡    𝑒𝑡~𝑁(𝑂, 𝜎
2) (1) 
 
𝑦𝑡 is the observed time-series; 𝑇𝑡 is the trend; and 𝑒𝑡 is an 
‘irregular’ component, defined as a random sequence from a 
Normal distribution with zero mean, and variance 𝜎2. The 
trend, 𝑇𝑡, was modelled as a Generalised Random Walk (GRW) 
process:  
𝑇𝑡 = (1 0) (
𝑥1𝑡
𝑥2𝑡
)  (2) 
(
𝑥1𝑡
𝑥2𝑡
) =  (
𝛼 𝛽
0 𝛾
) (
𝑥1𝑡−1
𝑥2𝑡−1
) + (
𝛼
1
) 𝜂𝑡−1  (3) 
𝑥1𝑡  is the trend; 𝑥2𝑡 is the slope of the trend; α, β and γ are 
constant parameters which define the type of GRW modelled 
adopted. As the model parameters can vary with time, this 
allowed for non-stationarity within the trend dynamics34. 
 
 
3.2.2 Photosynthesis and respiration  
Daily estimates of photosynthesis and respiration rates were 
made using the “Extreme value method” which is based on the 
DO mass balance (Eq. 4)35, 36: 
𝑑𝐶
𝑑𝑡
= 𝑃(𝑡) + 𝐾𝑎(𝐶𝑠 − 𝐶) − 𝑅  (4) 
𝑃(𝑡) is the time-dependent photosynthesis rate (mg O2 l-1 d-1), 
which is assumed to be zero during the hours of darkness; 𝐾𝑎 is 
the reaeration rate coefficient (d-1); 𝐶𝑠 is the saturation O2 
concentration at the given temperature (mg l-1); C is the DO 
concentration; and 𝑅 is the respiration rate (mg O2 l-1 d-1), 
which is assumed to be constant over a day. The reaeration rate 
was estimated using the method outlined by Jha et al. (Eq. 5)37, 
38: 
𝐾𝑎 = 5.792 (
√𝑈
𝐻0.25
)  (5) 
𝑈 is the mean stream velocity (m/s) and 𝐻 is the mean stream 
depth (m).  The extreme value method and similar methods are 
very sensitive to the choice of Ka value which is not well 
constrained, especially when, as here, respiration rates are low. 
However, the method provides a useful way to estimate 
photosynthesis and respiration rates that can be used for 
comparison purposes36.  
 
 
4. Results and Discussion 
4.1 Annual and diurnal dissolved oxygen patterns 
Dissolved oxygen (DO) concentrations during the study period 
followed a striking repetitive pattern (Fig. 2a). In each of the 
three years, maximum DO concentrations were attained in mid-
April, 16.6 mg l-1 (157 %) on 18 April 2011, preceded by a 
period of steadily increasing diurnal amplitudes, with the 
diurnal range increasing from 1.6 to 6.2 mg l-1 (highlighted in 
red on Fig. 2a). This was followed by a period of declining DO 
concentration and diurnal amplitude, with the diurnal range 
decreasing from 6.0 to 3.0 mg l-1 (Fig. 2a, highlighted in blue). 
These periods we term the ‘DO rise’ and ‘DO fall’ periods 
respectively. The DO fall period was terminated abruptly by a 
flow event in 2011 and 2012, whereas in 2010 a steady decline 
continued, but in all cases overall DO concentrations and 
amplitudes declined and remained lower than in mid-April for 
the remainder of the year. Dates for the two periods are given in 
Table 1.  
 
Table 1: DO rise and fall periods defined as in the text. 
Year DO Rise DO Fall 
2010 6 April - 24 April 25 April - 1 May 
2011 15 March - 19 April 20 April - 6 May 
2012* 17 March - 18 April ---- 
* Indicative dates based on incomplete annual dataset 
 
The diurnal variation in DO is due to the changing balance 
between photosynthesis and respiration during the 24-h period, 
and is commonly observed in the Enborne and other local rivers 
(e.g. 39, 40). During the DO rise period, the river is net 
autotrophic, with average daily photosynthesis exceeding 
respiration (Table 2). Respiration is low probably because river 
temperatures are still low (Fig. 3c). Maximum DO 
concentrations are reached after 12 noon at the point where 
photosynthesis has declined so it equals respiration ± gas 
exchange (Eq 4): in the DO rise and fall periods this does not 
occur until about an hour before sunset, 6-7 hours after solar 
noon (Fig. 4). Increases in the diurnal amplitude of DO and the 
maximum oxygen saturation percentage imply increased 
photosynthetic rates relative to the volume of water flowing. 
This increase could be due to a number of factors, including 
increasing temperatures; reducing flow volume; increasing 
solar radiation and increasing biomass of photosynthetic 
organisms. The values of these factors are also shown in Fig. 2, 
and in more detail for the relevant period of 2011 in Fig. 3.  
 
Table 2: Mean values of dissolved oxygen and factors potentially 
controlling algal growth, and mean daily photosynthesis/respiration 
ratio (P/R > 1 indicates photosynthesis is exceeding respiration). 
Summer has been defined as June – August.  
  2010  2011  
Determinand* 
Rise 
Period 
Summer 
Rise 
Period 
Summer 
DO (mg l-1) 12.6 8.01 12.3 7.42 
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DO (% Sat.) 112 80.9 109 73.5 
Flow (m3 s-1) 1.25 0.33 0.62 0.23 
NO3 (mg N l
-1) 3.66 4.79 3.74 4.34 
TRP (µg P l-1) 80.7 284 92.0 217 
Si (mg Si l-1) 5.34 8.85 4.74 7.77 
Water Temp. (oC) 9.88 15.9 10.1 15.0 
Solar Rad. (KJ m-2 d-1) 789 740 526 691 
P/R  4.20 0.27 3.22 0.17 
* DO – Dissolved oxygen; NO3 – Nitrate; TRP – Total reactive 
phosphorus; Si – Silicon; Temp – Temperature; P/R – Estimated of 
photosynthesis/respiration ratio 
  
The maximum DO and thus rate of photosynthesis appears to 
be related to solar radiation as days with lower radiation, such 
as 5 April 2011, exhibit lower maximum DO. There is a 
significant positive trend in solar radiation during the DO rise 
period (Fig. 5), but in 2011 this trend continued (and solar 
radiation is thus higher) during the DO fall period. Similarly, 
flow declined slowly during the DO rise period (which would 
increase DO amplitude and maximum concentrations due to 
reduced dilution) but this flow decline continued during the DO 
fall period (see section 4.3). Stream temperature increased 
during the DO rise period, and decreased slightly during the fall 
period, which is consistent with the DO pattern, except that 
mean temperatures are still considerably higher during the DO 
fall period than in the DO rise period (Figs 2c, 3c, Fig. 5). 
Some change in conditions is thus needed to account for the 
switch between the DO rise and DO fall periods. We 
hypothesize that this switch is the development of the riparian 
tree canopy, and that the DO dynamics demonstrate that in the 
River Enborne riparian shading controls algal growth through 
most of the year. We examine the evidence for this hypothesis 
in more detail below.   
 
 
4.2 Benthic algae as a source of DO 
Instream total chlorophyll concentrations are a measure of the 
photosynthetic capacity of phytoplankton, and these increase 
slightly during the DO rise period and decrease slightly in the 
fall period (Fig. 5). These changes cannot however explain the 
changes in DO concentration for several reasons. The percent 
change in chlorophyll (c.10% in the rise period) is small 
compared to the change in DO amplitude (c.165%). Similarly 
the change in chlorophyll concentration in the DO fall period 
(Fig. 3) is -25% compared to a change in DO amplitude of -
47%. Chlorophyll concentrations in the water column are low, 
with a maximum total chlorophyll and chlorophyll-a 
concentration of only 5.5 and 4.7 µg l-1  respectively in the 
2011 period. Although the high-frequency data show small, on 
average 1.4 µg l-1, diurnal fluctuations in total chlorophyll 
concentration, these fluctuations are highly variable and are 
insufficient to account for the large changes in DO dynamics. 
Furthermore, if all photosynthetic activity was due to 
phytoplankton, the specific activity relative to chlorophyll 
concentration would be about 180 mg O2 (mg chlorophyll)-1 h-1 
in the DO rise period. This can be compared with a maximal 
rate of 20 mg O2 (mg chlorophyll)-1 h-1 found in summer in a 
eutrophic temperate lake (Loch Leven41). It seems unlikely 
therefore that the DO pattern is primarily driven by 
phytoplankton. 
 
Alternative sources of photosynthetic oxygen other than 
phytoplankton are macrophytes or benthic algae. Williams et al. 
42, in a study of the adjacent River Kennet in late summer, also 
found much more DO than could be attributed to 
phytoplankton, and suggested that photosynthesis by 
macrophytes was the major source. Palmer-Felgate et al.43  
added periphyton to the possible sources in this river. 
Macrophytes are however uncommon in the River Enborne 
(e.g. Fig. 1) and the main macrophyte growth period would in 
any case be expected later in the year in late May-June. In nine 
years of summer surveys (2006-15) upstream of Brimpton 
Gauging station, the Environment Agency (pers. comm.) 
recorded an average macrophyte cover of only 4.6% (mostly 
Cladonia spp.and Sparganium erectum). It thus probable that 
the DO dynamics observed in early spring are primarily due to 
the growth of benthic algae.    
 
Benthic algae were not measured directly in this study. The 
Environment Agency have undertaken biannual monitoring of 
benthic algae at selected sites along the river. This data showed 
a diatom flora which is characteristic of some nutrient 
enrichment, such as Amphora pediculus and Achnanthidium 
minutissimum, with very few planktonic species entrained in 
the biofilm (3.5% on average). There was also evidence that 
filamentous algae were present in the algal assemblages, with 
diatom species such as Rhoicosphenia abbreviata identified, a 
common epiphyte of filamentous algae, in particular 
Cladophora glomerata44.  
 
The FCM data reveal a marked peak in large diatoms on 18 
April (Fig. 6a), coinciding with the observed maximum in DO 
dynamics. A spring diatom peak is a characteristic of western 
European rivers (e.g.5, 45) and the importance of benthic diatoms 
is further supported by the fact that the annual minimum in 
dissolved silicon concentration, which is required by diatoms to 
make their frustules, occurs at the same time as the transition 
from the DO rise to the DO fall patterns (Fig. 2). The spring 
peak in FCM diatom cell abundance may also reflect the self-
detachment of mature epilithic biofilms under the sustained 
low-flow conditions24, 25. There is a subsidiary diatom peak on 
9 May in the aftermath of a small flow event, suggesting that 
some of the diatoms observed are benthic diatoms abraded from 
the substrate. Though other organisms may make a 
contribution, it seems likely that the photosynthetic organisms 
driving the spring dissolved oxygen cycling are benthic algae.  
4.3 Control of algal dynamics by flow 
During the DO rise period in 2011, a significant negative 
correlation was observed between flow and DO (Spearman’s 
Rank Correlation ρ = -0.29, p < 0.001). As flows decline, DO 
concentrations in the river would be expected to increase as 
photosynthetic O2 dissolves into a lower volume of water. 
However, the rapid DO concentration increases observed in 
spring, with diurnal DO ranges increasing from 1.63 to 6.21 mg 
l-1 between the 16 March and 18 April 2011, are too large to be 
explained by a roughly 38% decrease in river volume over the 
same period. A more probable explanation is that the stable low 
flow conditions in the river are facilitating algal growth, and the 
increased DO concentrations are caused by increasing daytime 
photosynthesis rates (Fig. 3).  
 
The links between DO dynamics and flow is supported in the 
2010 data (Fig. 7). The amplitude of the diurnal DO 
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fluctuations and the DO trend start to increase in early spring, 
around the 3 March, as flows decline following a high flow 
period which started in mid-February. This is accompanied by 
an increase in daily photosynthesis rates (ρ = -0.91, p < 0.001). 
However, this pattern ceases on the 19-20 March following a 
high flow event (Fig. 7). Photosynthetic rates then start to 
increase again, but a much larger flow event on 25 March 
reduces them for the remainder of the spring season. This can 
be interpreted as high flow scouring the streambed and 
removing a proportion of the benthic diatom algal growth 
which had begun to develop. While flows remain high the re-
establishment of algal growth is inhibited. Consequently the 
DO diurnal fluctuations are reduced to approximately 1.38 mg 
l-1. The system continued like this until flow reaches the pre-
event level. Only once the stable low flow conditions have been 
re-established, around the 6 April, do the dissolved oxygen 
concentrations and the amplitude of the diurnal dynamics start 
to increase again, indicating that benthic algal growth has re-
commenced.   
 
Although DO concentrations peaked in mid-April in 2011, 
flows continued to decline until the 6 May, with significant 
declining trends observed in both periods (Fig. 2). During the 
DO fall period, there was no significant correlation between 
DO and flow. The period ended when a high flow event 
occurred between the 7 and 9 May, peaking at 1.84 m3 s-1 on 
the 8 May at 0900 GMT. Flows do not return to pre-event 
levels until the 14 May. Although the peak on 7 - 9 May 
appears small, in terms of preceding catchment conditions this 
is a significant event. In the 2 months before the flow event, 
flows were constantly below 1 m3 s-1, with flows < 0.5 m3 s-1 
from 12 April. Consequently, the event causes a significant 
reduction in both the  DO concentration and the amplitude of 
the diurnal DO cycling.  
 
This event washed out the instream processing signal and 
appeared to flush the system, with peaks in a number of the 
algal groups at this time (Fig. 6). An explanation is the wash 
out of benthic algae from the stream substrates, in particular 
filamentous algae which are released into the water column 
with a modest increases in flow. This event may have also 
washed out mature biofilms which had begun to self-detach 
under the preceding low flow conditions. The data thus suggest 
that stable low flow conditions are required for the 
establishment and development of benthic algal growth. 
However, low flow conditions alone are insufficient to maintain 
algal growth in this system. During the DO fall period, other 
factors are at work. 
4.4 Solar Radiation and Riparian Shading 
During the DO rise period in 2011, a strong positive correlation 
was observed between the daily solar radiation (SR) and water 
temperature (WT) ranges and the daily DO range (Spearman’s 
Rank, SR, ρ = 0.75; WT, ρ = 0.54, p < 0.001). This indicates 
that as the diurnal range in solar radiation and water 
temperature increased, so too did the instream DO range. 
However, during the DO fall period these relationships reverse 
or weaken, with the diurnal DO range exhibiting a strong 
negative correlation with solar radiation (ρ = -0.73, p < 0.001), 
and no significant relationship with water temperature. 
Although the daily range in solar radiation continues to 
increase, with annual maximums in solar radiation not observed 
until early/mid-summer (Table 3), the diurnal DO amplitude is 
now declining. This suggests that at this time the instream DO 
dynamics have become decoupled from the solar radiation 
signal. In addition, during the DO fall period, the solar radiation 
and streamwater temperature dynamics have also become 
decoupled from each other with no significant correlation 
identified, despite a strong positive correlation in the DO rise 
period (ρ = 0.84, p < 0.001). We suggest that the decoupling of 
the DO and radiation dynamics is caused by the development of 
riparian shading. 
 
Table 3: Timing of controlling factors for the annual DO maximum: 
Alnus glutinosa average annual budburst and first leaf dates (UKPN 
data)27; annual solar radiation maximum; annual stream dissolved 
silicon (Si) concentration minimum; annual photosynthesis (Photo.) 
maximum. 
 
* Si data is collected on a weekly basis, so the exact date of the annual  
concentration minimum is unknown, therefore a window covering the two 
lowest concentration measurements is provided. + Indicative dates based on 
incomplete annual dataset 
 
 
Based on the 2007 Land Cover Map20, 26 % of the Enborne 
riparian corridor, defined as a 50 m buffer zone on either side 
of the river, is classified as broadleaf woodland. However, it is 
clear from site visits and catchment aerial imagery that the 
resolution of the land cover mapping does not account for the 
significant riparian tree growth present directly along the river 
banks. As part of the EA’s “Keeping Rivers Cool Project” the 
extent of shading along the River Kennet was estimated. The 
project classified shading into 20 classes, with 1 indicating the 
least shaded and 20 the most. For the River Enborne, 64% of 
river was classified as ≥ 16 (41% ≥ 18), with < 1% between 1 
and 5, indicating that the river is heavily dominated by riparian 
shading. Riparian tree cover is dominated by the European 
alder Alnus glutinosa, which casts a dense shade (Fig. 1). The 
timing of canopy development of this tree species is thus 
crucial to light penetration to the river. The UK Phenology 
Network27 recorded the timings of budburst and of the 
emergence of the first leaf for 22 alder trees within 70 km of 
Brimpton. As shown in Table 3, the mean date of budburst was 
around 1 April in 2011 and 2012, with the first leaves 
developed around April 14. In 2010 these dates were a little 
later. The standard deviations on these dates were about 9 days 
for budburst and 11 days for first leaf. Light penetration to the 
stream will be greatest in early spring as external solar radiation 
is increasing, but before riparian shading has fully developed. 
The timing of the switch from the DO rise to the DO fall 
periods is consistent with the development of the alder canopy, 
with the annual maximums in DO following first leaf dates by 
approximately 5 days.  
 
The importance of riparian shading in controlling algal growth 
dynamics in the River Enborne is shown by the fact that the 
maximal DO dynamics observed in spring are not observed at 
Factor 2010 2011 2012+ 
Annual DO max. 24 April 18 April 16 April 
Budburst 11 April 01 April 01 April 
First leaf 19 April 14 April 14 April 
Si min.* 
19 April 
27 April 
18 April 
26 April 
16 April 
23 April 
Solar Rad. max. 16 June 02 July 20 June 
Photo. max† 16 April 21 April 15 April 
G1 diatom max. --- 18 April --- 
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any other time of year (Fig. 2). This is in spite of the other 
possible controlling factors being more conducive to algal 
growth (Table 2): 
 higher nutrient concentrations; 
 higher water temperatures;  
 higher solar radiation; and  
 a prolonged period of low flows.  
After the tree canopy has developed and a flow event has 
removed the benthic algae, photosynthesis reduces to a very 
low level (Fig. 3), respiration increases (Table 2) and the river 
switches to a net heterotrophic state. The data are thus 
consistent with the hypothesis that algal growth and 
productivity in the River Enborne is controlled by light 
penetration through the riparian tree canopy when this is 
present. In the next section, we consider whether nutrients also 
have a role in algal dynamics.  
4.5 Nutrient dynamics 
Previous work on P and N dynamics on the Enborne19, 39 has 
demonstrated that sewage effluent discharges exert a significant 
influence on the instream nutrient dynamics. Annual nutrient 
maximums are observed in the summer during the low flow 
periods, linked to the river’s reduced capacity to dilute point 
source discharges. Groundwater becomes a particularly 
important contributor to NO3 concentrations during the summer 
months. The dominance of effluent discharges is also evidenced 
through the appearance of two-peak diurnal nutrient cycles, 
linked to the diurnal pattern in sewage effluent discharges. The 
hypothesis that these contributions avert nutrient limitation of 
algal growth rates is examined in more detail in this section. 
 
 
During the entire study period, the minimum NO3 concentration 
observed was 1.7 mg N l-1, and the mean, 4.0  mg N l-1 39, 
demonstrating that NO3 concentrations are unlikely to limit 
algal growth given a limiting concentration for phytoplanktonic 
algae of c.0.03 mg NO3-N l-1 13. P limitation cannot be ruled out 
so easily. Although the mean soluble reactive phosphorus 
(SRP) concentration of 130 µg P l-1 is well above proposed 
growth-limiting concentrations for benthic algae of 25 µg P l-1 
11 or 80 µg P l-1 7, the minimum value observed in the weekly 
grab samples was 24 µg P l-1, and 37% were < 80 µg P l-1, 
mostly in the spring growth periods. Only TRP was measured 
in the high-frequency data: here some samples were below the 
detection limit of c. 10 µg P l-1. Using the above SRP 
thresholds as a rough guide, only 0.1% of the 14276 high 
frequency samples had TRP of < 25 µg P l-1, whereas 19% had 
TRP < 80 µg P l-1 (Fig. 2). However, the lowest TRP 
concentrations occurred in winter when higher flows were 
diluting the inputs: at this time algal growth is likely to be 
temperature or light-limited. During the DO rise periods, the 
minimum concentrations observed in 2010 and 2011 
respectively were: NO3, 2.86 and 3.16 mg N l-1; TRP, 30 and 56 
µg P l-1. A degree of P limitation of algal growth rates in the 
DO rise period is thus a possibility, though there was always P 
available. The supply of Si is also relevant given the evidence 
that diatoms dominate photosynthesis in early spring. Mean Si 
concentrations in the DO rise periods in 2010 and 2011 
respectively were 4.34 and 2.96 mg l-1. These are well above 
the putative limiting concentration of 0.5 mg l-1 13.  
 
4.5.1 Trends 
Examination of short-term nutrient trends during the DO rise 
and fall periods provides further evidence of the importance of 
benthic biofilms. Given the importance of effluent discharges 
and groundwater contributions for N and P dynamics, a period 
of declining flows such as in the DO rise period should 
generate increasing N and P concentrations, as the capacity of 
the system to dilute the constant point source effluent 
discharges is diminishing. These anticipated trends are not 
observed (Fig. 5). For P during the DO rise period a significant 
declining trend in TRP was observed. During the DO fall 
period however this trend is reversed with a significant 
increasing trend observed (Fig. 5). These trends indicate 
increasing instream uptake of P during the DO rise period is 
sufficient to dominate the observed trend in TRP. The switch to 
an increasing trend in the DO fall period indicates that the 
instream uptake responsible for the declining trend has reduced.  
 
Between 15 March and 4 April, a slight declining trend in NO3 
concentrations can be observed but daily mean NO3 
concentrations remained almost constant, ranging from 3.67 to 
3.77 mg N l-1. This was then followed by a slight increasing 
trend between 5 March and 20 March, with daily mean NO3 
concentrations increasing from 3.78 to 3.99 mg N l-1. However, 
during the DO fall period this increasing trend becomes much 
steeper, with daily mean NO3 concentrations increasing from 
3.95 to 5.30 mg N l-1. These trends indicate that instream 
uptake of N during the DO rise period is sufficient to maintain 
the N concentrations roughly constant. The marked increasing 
trend in the DO fall period shows reduced instream uptake.  
 
The weekly hydrochemical data also demonstrate marked 
changes in Si dynamics between the DO rise and DO fall 
periods. For example, in 2011 Si concentrations decreased from 
6.33 to 2.96 mg l-1 between 14 March and 26 April (equating to 
a daily uptake rate of approximately 0.08 mg l-1). There was 
then a marked increase in concentration, with Si concentrations 
returning to 6.01 mg l-1 by 9 May. This highlights that instream 
uptake of Si, largely by the benthic diatoms, is controlling the 
observed trends in Si concentration.  
 
 
4.5.2 Diurnal dynamics 
On a still shorter timescale, diurnal patterns can be used to 
evaluate nutrient dynamics. As diurnal nutrient dynamics are 
highly complex, changes between the DO rise and DO fall 
periods were evaluated by examining the 7 day period 
preceding the DO maximum and the 7 day period following the 
DO maximum in 2011 (Fig. 4). During the DO rise period in 
2011, the NO3 dynamics showed a marked two peak diurnal 
cycles, with concentration peaks between 0700-0900 and 
between 1900-2200 and minimums between 0100-0300 (Table 
4). This is consistent with the sewage treatment works origin18, 
43 and the occurrence of later peak times through the 7 day 
period is likely driven by the increasing travel time of effluent 
discharges to the monitoring point as flow declines. During this 
time there was a marked daytime drop in NO3 concentration, 
between the two peaks, with a secondary daytime concentration 
minimum observed between 1300-1500 GMT. This drop in 
concentration was almost equivalent to the concentration drop 
observed at night, with NO3 concentration decreasing by on 
average 0.46 mg N l-1. TRP concentrations are low at this time, 
and the diurnal dynamics are noisy. Despite this noisy signal, 
daily minima in TRP concentration can also be observed 
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between 1100-1400 GMT with an average diurnal 
concentration change of 35 µg P l-1.  
 
In the DO fall period, immediately following the algal growth 
maximum, the diurnal pattern in nutrient dynamics changes. 
For NO3, at this time, minimum daily concentrations were 
observed between 0300-0700 GMT and maximum 
concentrations occurred between 1000-1400 GMT. However, 
during this period the marked daytime drop in concentration, 
observed in the DO rise period, is less prominent with an 
average daytime decrease of only 0.26 mg N l-1. In addition, as 
the 7 day period progresses the instream NO3 concentrations 
tend to remain high until 2100-2300 GMT, rather than exhibit a 
significant daytime decline. These changes in NO3 dynamics 
are dramatic, relative to the change in DO, and likely result 
from a range of contributory factors: the increasing importance 
of groundwater contributions and effluent discharges to the 
river flow as flows continue to decline18; reduced NO3 uptake 
as algal growth begins to decline; possible release of NO3 from 
dying algae; and the increased importance of daytime 
nitrification to the overall NO3 signal, supported by the 
conductivity dynamics with peak conductivity at 1400 GMT 
along with peak NO3 concentrations18 (Fig. 4). TRP diurnal 
dynamics remain noisy in the DO fall period, with no 
discernible pattern in concentration minimums.  
 
Table 4: Timing (GMT) and concentration (mg N l-1) of the diurnal NO3 
dynamics during the 7 day rise period in April 2011 
  
1st 
Min   
1st 
Peak   
2nd 
Min   
2nd 
Peak   
Day Hour NO3 Hour NO3 Hour NO3 Hour NO3 
13 0100 3.47 0700 4.05 1300 3.63 1800 4.08 
14 0100 3.47 0700 4.15 1400 3.66 1900 4.12 
15 0100 3.67 0700 4.26 1300 3.76 2000 4.17 
16 0200 3.65 0700 4.12 1400 3.83 2000 4.23 
17 0200 3.69 0800 4.30 1500 3.80 2100 4.09 
18 0300 3.63 1000 4.31 1500 3.72 2200 4.13 
19 0200 3.87 0900 4.26 1700 3.83 2200 4.01 
 
 
 
The presence and absence of the regular daytime drop in NO3 
concentration between the DO rise and fall periods suggests 
that the mechanism driving this daytime NO3 removal has 
become less important. This is further evidence that instream N 
uptake driven by daytime benthic algal photosynthesis is 
producing this daytime N concentration drop. The occurrence 
of more regular daytime P concentrations minimums in the DO 
rise period also suggests that instream P uptake is taking place 
through bioaccumulation. However, there is no evidence in Fig. 
4 that N or P concentrations were reduced to concentrations 
which would limit algal growth. Possibly, if algal growth had 
continued unabated for several more days, this might have 
reduced P concentrations to limiting levels. Instead, shading by 
the developing tree canopy probably curbed algal growth before 
P concentrations were depleted to limiting levels. 
 
4.6 Overall discussion 
The evidence discussed above suggests strongly that the 
development of a riparian canopy controls algal growth 
throughout the growing season. It is not however completely 
conclusive, as important components of the stream ecosystem 
were not measured in this monitoring study. Grazing by 
zooplankton and invertebrates affects algal biomass and is 
likely to change seasonally. Budburst correlates with increasing 
temperature and light duration and intensity, which can all 
affect algal growth directly. Direct measurement of benthic 
biomass and composition together with measurements of light 
penetration to the stream would be required to resolve these 
questions conclusively. Nevertheless, control by the riparian 
tree canopy remains the most likely explanation.      
5. Conclusions 
High frequency hydrochemical data together with weekly flow 
cytometry data and catchment information, have revealed new 
understanding on the control of instream algal dynamics on the 
River Enborne.  
 
The phytoplankton biomass is not large enough to explain the 
observed seasonal and diurnal patterns in dissolved oxygen and 
nutrients. Instead, benthic algae seem to be the key primary 
producers.  
 
Stable low flow conditions are important for the development 
of benthic algal growth. Moderate-sized flow events can reduce 
this considerably. 
 
In early spring a diatom bloom starts to develop, principally of 
benthic diatoms. This starts to deplete P concentrations towards 
possibly limiting concentrations. P limitation is unlikely at 
other times, and N or Si limitation at any time. 
 
Algal growth exerts a strong influence on observed nutrient 
concentrations, causing observable trends and diurnal patterns 
in spite of the high nutrient inputs.  
 
The most probable explanation of these observations is that 
shading by riparian trees controls algal growth through most of 
the growing season. 
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Fig. 1. The River Enborne catchment, with photographs showing the extent of riparian shading (P1, P4-6); riparian Alnus glutinosa from the adjacent 
land (P3); and  absence of macrophytes (all except P3). Photos were taken on the 26 Jun 2014. 
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Fig. 2. High frequency chemical and physical data from the River Enborne at Brimpton and its catchment: a) dissolved oxygen; b) discharge; c) water temperature; d) open exposure solar radiation (at 
Odiham); e) Total chlorophyll; f) nitrate; g) silicon. 
Page 11 of 16 Environmental Science: Processes & Impacts
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
E
nv
ir
on
m
en
ta
lS
ci
en
ce
:P
ro
ce
ss
es
&
Im
pa
ct
s
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
10
 M
ay
 2
01
6.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f R
ea
di
ng
 o
n 
12
/0
5/
20
16
 1
6:
20
:5
3.
 
View Article Online
DOI: 10.1039/C6EM00179C
Environmental Science: Processes and Impacts RIPARIAN SHADING CONTROLS BENTHIC ALGAL GROWTH 
This journal is © The Royal Society of Chemistry 2012 Environmental Science: Processes and Impacts , 2016, 00, 1-3 | 11 
 
Fig 3. The DO rise and fall periods in 2011 at higher resolution. Fig. 3a-f as for Fig. 2; Fig. 3g), calculated daily mean photosynthesis to respiration ratio (Equation 4) in mg O2 l
-1 d-1. 
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Fig. 4. Diurnal variation in various parameters across the transition from the DO rise to the DO fall periods, 2011. a) dissolved oxygen; b) nitrate; c) conductivity; d) total reactive phosphorus (TRP); 
e) discharge. 
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Fig. 5. DO rise and fall periods, 2011, showing data and short-term trends identified using the CAPTAIN Toolbox. a) dissolved oxygen; b) discharge; c) water temperature; d) nitrate; e) total reactive 
phosphorus (TRP); f) Total chlorophyll. The mean daily change based on the slope of the trend line is given for determinand for the rise and fall period.  
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Fig. 6. Weekly cell abundance for various algal groups  derived from flow cytometry measurements (FC). The mean value and standard deviation for the whole period are also shown. a) FC Group 1 - 
Large diatoms 12–20 µm, with high levels of Chlorophyll (CHL) and Phycocyanin (PC) but low Phycoerythrin (PE) levels; b) FC Group 4 – 2-12 µm with low CHLlevels; c) FC Group 7 – 5-20 
µm, with very high levels of PC; d) FC Group 9 – 5-12 µm with high levels of PC, but very low levels of both PE and CHL23.  
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Fig. 7. The influence of flow on dissolved oxygen, nitrate and calculated daily mean photosynthesis in March 2010.   
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